Superconducting field-effect transitor (SuF ET ) and Josephson field-effect transistor (JoF ET ) technologies take advantage of electric field induced control of charge carrier concentration in order to modulate the channel superconducting properties. Despite field-effect is believed to be unaffective for superconducting metals, recent experiments showed electric field dependent modulation of the critical current (I C ) in a fully metallic transistor. Yet, the grounding mechanism of this phenomenon is not completely understood. Here, we show the experimental realization of Ti-based Dayem bridge field-effect transistors (DB − F ET s) able to control I C of the superconducting channel. Our easy fabrication process DB − F ET s show symmetric full suppression of I C for an applied critical gate voltage as low as V C G ±8V at temperatures reaching about the 85% of the record critical temperature T C 550mK for titanium. The gate-independent T C and normal state resistance (R N ) coupled with the increase of resistance in the supercoducting state (R S ) for gate voltages close to the critical value (V C G ) suggest the creation of field-effect induced metallic puddles in the superconducting sea. Our devices show extremely high values of transconductance (|g
±8V at temperatures reaching about the 85% of the record critical temperature T C 550mK for titanium. The gate-independent T C and normal state resistance (R N ) coupled with the increase of resistance in the supercoducting state (R S ) for gate voltages close to the critical value (V C G ) suggest the creation of field-effect induced metallic puddles in the superconducting sea. Our devices show extremely high values of transconductance (|g M AX m | 15µA/V at V G ±6.5V) and variations of Josephson kinetic inductance (L K ) with V G of two orders of magnitude. Therefore, the DB − F ET appears as an ideal candidate for the realization of superconducting electronics, superconducting qubits, tunable interferometers as well as photon detectors.
Conventional computation is hinged on the use of field-effect transistors (F ET s) 1,2 based on complementary metal-oxide-semiconductor (CM OS) technology.
3 Semiconductor-based electronics suffers from dissipation caused by charging and de-charging the gate capacitors, and by the current flowing through the F ET channel. 4 The latter can be eliminated by employing a class of devices where a high critical temperature (T C ) superconductor thin film substitutes the semiconducting channel: the superconducting field-effect transistor (SuF ET ).
5
By applying a gate voltage (V G ) the charge carrier concentration in the channel can be controlled (because of their low intrinsic carrier density) and, as a consequence, the normal state resistance (R N ), the superconducting critical temperature 6,7 and the critical current (I C ) are modulated. 8, 9 A similar approach consists in employing superconducting source and drain electrodes which induce Cooper pairs flowing in a semiconducting channel through the so-called superconducting proximity effect. 10 In the resulting device, called Josephson field-effect transistor (JoF ET ), 11 T C and I C can be controlled via field-effect modulation of the carrier concentration of the semiconductor. 12, 13 Since the first demonstration of Josephson supercurrent in proximized semiconductor nanowires, [14] [15] [16] 24 This discovery could pave the way to the realization of novel all-metallic gate-tunable devices, such as "gatemons", [21] [22] [23] interferometers, 25 Josephson parametric amplifiers 26, 27 and photon detectors, 28 that could take advantage of a simple single-step fabrication and scalable technology.
Here, we report the realization of the first fully metallic Dayem bridge field-effect transistors (DB − F ET s). Remarkably, our titaniumbased devices show an unprecedented superconducting critical temperature T C ∼ 540mK for Ti, [29] [30] [31] and a symmetric complete suppression of the supercurrent for voltages applied to the lateral gate electrodes as large as ±8V. Furthermore, the DB − F ET s exhibit values of transconductance reaching 15µA/V at about ±6.5V and variations of two order of magnitude in the Josephson kinetic inductance (L K ) with the applied V G .
The structure of a typical Dayem bridge fieldeffect transistor is shown in Figure 1a . The DB − F ET consists of a 4µm wide titanium (Ti) thin film (of thickness ∼ 30nm) interrupted by a ∼ 125-nm-long and ∼ 300-nm-wide constriction. In correspondence of the constriction, at a distance of about 120 − 150nm, two side electrodes (green stripes in Figure 1a ) allow to apply an electrostatic field on the bridge region. The devices were realized by a singlestep electron beam lithography and evaporation of titanium onto a p ++ -doped silicon (Si) commercial wafer covered by 300nm of silicon dioxide (SiO 2 ). The 30-nm-thick Ti layers were deposited at room temperature in an ultra-high vacuum electron beam evaporator (base pressure ∼ 10 −11 Torr) at a deposition rate ranging from 10 to 13Å/s. The electrical characterization of the DB − F ET s was performed by standard four wire technique in a filtered He 3 -He 4 dry dilution refrigerator at different bath temperatures (in the range 40mK -550mK). Both resistance vs temperature and resistance vs magnetic field characteristics were obtained by low frequency lock-in technique, while the current vs voltage behaviors were carried out by applying a low-noise current bias and measuring the voltage drop by a roomtemperature differential preamplifier. Finally, the gate voltage was applied by a low-noise source-measurement-unit.
Our Dayem bridges show an unprecedented critical temperature for titanium T C ∼ 540mK [29] [30] [31] (see the resistance vs temperature trace depicted by the green line in Figure 1b ) corresponding to a BCS zero-temperature superconducting energy gap ∆ 0 = 1.764k B T C 82µeV, where k B is the Boltzmann constant. On the other hand, our DB − F ET s exhibit typically a critical perpendicular-to-plane magnetic field of ∼ 115mT, as displayed by the blue line of Figure 1b . In order to investigate the dissipationless Cooper pairs transport, we measured the I − V characteristics of our devices as a function of bath temperature (T ). A set of I − V characteristics at selected temperatures is represented in Figure 1c . The superconducting critical current reaches a value I C 30µA almost constant for temperatures lower than ∼ 125mK and monotonically decreases for higher temperature, as shown in Figure 1d . The transistor I − V characteristics are hysteretic due to heating induced in the sample while switching from the normal to the superconducting state. 32 In particular, the switching current from the resistive to the dissipationless state, known as retrapping cur- To demonstrate the field-effect performances of the DB − F ET , we carried out I − V measurements for different values of gate voltage. In our experiments we applied the same value of V G to both gate electrodes to maximize the impact of the electric field on the supercurrent. As shown in Figure 2a for sample A, the critical current I C monotonically decreases with the applied gate voltage untill reaching full suppression. On the other hand, the retrapping current (I R ) remains constant untill I C > I R , while by further increasing V G the switching and retrapping currents assume the same value (I R = I C ). Remarkably, the suppression of I C is symmetric with the sign of V G (bipolar field-effect) and the normal state resistance (R N ) of the DB − F ET is unaffected by the electric field (see the constant slope of the I − V curves in Figure 2a ). This is in stark contrast with SuF ET s 5-9 and JoF ET s.
12-16 As a consequence, charge depletion of the Josephson transistor channel can not account for the I C reduction.
In order to study the complete beahvior of the DB − F ET s we measured I C as a function of the applied gate voltage at different bath temperatures ranging from 50mK to 450mK. By normalizing the critical current with respect to its value in the absence of any applied gate bias sample A and I C (T = 50mK) 24µA for sample B]. The critical current of the two devices shows a qualitatively similar behavior both with gate voltage and temperature. In particular, at T = 50mK the critical current remains constant by increasing V G , then it starts to decrease untill its full suppression (I C = 0) by further rising the gate voltage. For higher values of the temperature the maximum value of critical current lowers, and, on the one hand, the plateau of constant I C widens in V G while, on the other hand, the foot of the transition (i.e., the first value of V G giving I C = 0) remains constant at temperatures up to ∼ 85%T C (see Figure 2b) . This behavior resembles the recent results obtained on gated BCS Ti and Al wires and thin films. 24 From a quantitative point of view, the main difference between sample A and B resides in the gate voltage operation ranges (see Figure 2b) . Sample A exhibits complete suppression of the critical current at a critical voltageV C G ±32V, whereas sample B shows an extraordinary low critical voltage of about ±8V. The latter impressive value of V C G is comparable to the gate voltages employed in CM OS technology (V dd = 5V), and it can be attribuited to the lower distance between the constriction (active element) and the gate electrodes in sample B.
In addition, during all experiments we have carefully monitored the leakage current I L of the entire measurement circuit while appling the gate voltage V G (see the inset of Figure 2a ). The leakage current is always of the order of tens of pA (I L ∼ 10 −6 I C (V G = 0)). In particular, for V G = 25V the critical current suppression is ∼ 13µA while I L 20pA (with a resulting gate resistance R G 1.25TΩ). In order to exclude any quasiparticle overheating due to direct injection of a portion of I L as source of the supercurrent suppression we recorded the temperature dependence of the resistance (R) of our DB − F ET s as a function of the applied gate voltage (see Figure 3a) . Any heat injection able to suppress the critical current would, at the same time, result in a measurable reduction of the critical temperature. 33 In our Dayem bridge transistors, T C remains constant (within the experimental error due to temperature stabilization) over the complete range of applied gate voltages, as shown for sample A in Figure 3b . For instance, by applying a gate voltage V G = 25V a reduction of 80% in I C is measured while the critical temperature is completely unaffected. Analogously, the normal state resistance is not influenced by the gate voltage and shows an electric field independent value R N 600Ω comparable with the values extracted from the I − V characteristics.
A carefull analysis of the R vs T data highlights that the resistance in the superconducting state (R S ) near full suppression of the supercurrent strongly depends on V G , as shown in Figure 3c . Specifically, a resistive component in the I −V characteristics around zero bias appears and grows by rising the gate voltage. This phenomenology seems compatible with the creation of an inhomogeneous mixed state composed of normal metal and superconducting puddles. In this view, the superconducting ar- The standard figure of merit providing information about the performances of fieldeffect transistors is the transconductance. In superconductor-based devices, it is defined as g m = dI C /dV G , i.e. the variation of the critical current with gate voltage. Figure 4a shows the behavior of g m as a function of V G measured at different temperatures for sample A.
As expected, the transconductance shows different sign for V G < 0 and V G > 0 (given the suppression of I C for both gate voltage polarities) since the numerical derivative is performed from negative to positive values of V G . The strong temperature dependence of g m is highlighted by plotting the absolute value of its maximum |g (∼ 330nA/V at V G ±23V for sample A and ∼ 15µA/V at V G ±6.5V for sample B) up to T T C /2, and by further rising the temperature it decreases by about one order of magnitude. The maximum value of the transconductance of our DB − F ET s is comparable to that obtained on InAs thin films based JoF ET s (14µA/V at V G = 0.7V 13 ) and several orders of magnitude larger than that of semiconductor nanowire-based devices (a few nS at values of V G of the order of several tens of volt 14 ). In our DB − F ET s, the gate-dependent suppression of the critical current yields to an increase of the Josephson kinetic inductance, defined as L K =h/(2eI C ) 34 whereh is the reduced Planck constant and e is the electron charge, as shown in Figure 4b for different temperatures. In particular, the maximum value of L K in our transistors is sim8nH, while its variation ranges from ∼ 10 −13 H to ∼ 10 −8 H. Therefore, our DB − F ET s seem suitable candidates for the realization of fully metallic superconducting qubits [21] [22] [23] and Josephson parametric amplifiers.
26,27
In conclusion, we have realized the first fully metallic Dayem bridge Josephson field-effect transistors allowing to control the critical current by applying a gate voltage. The simple fabrication single-step process elects the DB − F ET as ideal candidate for a number of technological applications. Notably, our Ti thin films showed a record critical temperature T C ∼ 540mK for this superconducting metal. On the one hand, the DB − F ET s allow a bipolar fine control of the critical current untill its full suppression for values of gate voltage of ∼ ±8V. On the other hand, differently from conventional JoF ET s, the critical temperature and the normal state resistance of the transistors are not affected by an electric field. The constant T C and the change of R S with V G suggest the creation of electric field induced inhomogeneous state in the superconductor consisting of metallic puddles. Furthermore, the DB − F ET s exhibit very high values of transconductance (|g M AX m | 15µA/V at V G ±6.5V) and variations of Josephson kinetic inductance of two orders of magnitude. Therefore, the metallic Dayem bridge Josephson field-effect transistors are excellent candidates for the realization of "gatemons", [21] [22] [23] parametric amplifiers, 26,27 tunable interferometers 25 and photon detectors. Graphical TOC Entry
